Lipid micro and nanoparticles have been extensively investigated as carriers for hydrophobic bioactives in food systems because they can simultaneously increase the dispersibility of these lipophilic substances and help improve their bioavailability. In this study, lipid microparticles of babacu oil and denatured whey protein isolate were produced, and their ability to protect quercetin against degradation was evaluated over 30 days of storage. Additionally, the lipid microparticles were subjected to the typical stress conditions of food processing (presence of sucrose, salt, and thermal stresses), and their physico-chemical stability was monitored. The data show that the babacu microparticles efficiently avoided the oxidation of quercetin because 85% of the initial amount of the flavonoid was preserved after 30 days. The particles were notably stable up to a temperature of 70 °C for 10 minutes at relatively high concentrations of salt and sucrose. The type of stirring (mechanical or magnetic) also strongly affected the stability of the dispersions.
Introduction
Several hydrophobic bioactives are notably interesting in food applications, but they have limited incorporation because of the difficulty of their dispersion in aqueous media. Several lipid-based microencapsulation systems are available to encapsulate, protect and deliver such hydrophobic bioactive compounds in the form of lipid droplets (emulsions, nanoemulsions, multiple emulsions), liposomes and solid lipid particles (McClements, 2010; McClements & Li, 2010) . Solid lipid particles (micro or nano) are encapsulation systems that are similar to the conventional oil-in-water (o/w) emulsions, but their lipid core is composed of a solid lipid (solid at room temperature) (Müller et al., 2000; Mehnert & Mäder, 2001 ). The advantages of using these particles to encapsulate hydrophobic bioactives include their full biodegradability, full biocompatibility and high capacity for incorporating lipophilic molecules (Müller et al., 2000) . In-addition, lipid-based matrices improve the bioavailability of lipophilic bioactives, making these matrices even more interesting as encapsulation systems (Jeong et al., 2007; Porter et al., 2007) .
Quercetin (3, 3' ,4' , 5,7-pentahydroxyflavone) is a flavonoid, and it is the major representative of the flavonol subclass. Dilating coronary arteries, decreasing blood lipid, antioxidation and anti-inflammation are some of the physiological effects that are attributed to this molecule (Inal & Kahraman, 2000; Comalada et al., 2005; Kandaswami et al., 2005; Li et al., 2009; Ghosh et al., 2011; Landi-Librandi et al., 2012) . However, because of its low hydrophilicity, quercetin has minimal absorption in the gastrointestinal tract, and its oral bioavailability is less than 17% in rats and less than 1% in humans (Li et al., 2009; Khaled et al., 2003; Gugler et al., 1975) . The bioavailability and dispersibility of quercetin in aqueous media can be enhanced by encapsulation in lipid-based carriers, as previously cited. In this context, solid lipid particles are a good alternative for quercetin incorporation and has been used in some studies in the literature, though none of these studies focused on food applications.
Dne of the most important factors that affects the physico-chemical characteristics of solid lipid particles is the material of their lipid core. In the literature, several types of lipids have been used to produce such particles, from highly purified triacylglycerols and fatty acids to vegetable fats. The use of a vegetable fat, which is a mixture of triacylglycerols, can favorably affect their incorporation capacity and the stability of solid lipid particles because the crystalline structure of lipid particles is directly related to the chemical nature of the lipid that is used to produce it; such a structure is a crucial factor in the capacity of incorporation and preservation of a bioactive inside the particles (Müller et al., 2002; Mehnert & Mäder, 2001; Weiss et al., 2008) . A more disorganized crystalline structure corresponds to a higher particle capacity to incorporate bioactive molecules because the microstructural disorganization results in the presence of "voids" that can accommodate a large amount of the encapsulated substance. Different types of natural fats can be considered to produce solid lipid particles, e.g., palm kernel oil, coconut oil and cupuacu butter. Babacu oil is also an option to be considered. It is obtained from the small coconuts of a palm (Orbygnia speciosa) native from the Amazon forest (Brazil and Colombia); it is an oxidation-resistant lauric oil and presents more unsaturated fatty acids (10-26% on a mass basis) than coconut oil (6-12% on a mass basis). Despite its interesting composition, the potential uses of babacu oil in the food industry remain not fully explored (Reipert et al., 2011) . Lauric-acid-rich lipids may have the advantage of increasing the bioavailability of encapsulated lipophilic molecules because MCTs (medium-chain triacylglycerides) can be hydrolyzed five times faster and more completely than long-chain triacylglycerides (LCTs) in the small intestine (Marten et al., 2006; Porter et al., 2007; Pouton & Porter, 2008) . In addition, MCTs are eliminated from the circulation twice as rapidly as LCTs, have a smaller effect on serum cholesterol levels and are not stored in body tissues when they are consumed in normal amounts (Marten et al., 2006; Porter et al., 2007) .
Therefore, based on these factors, this study was conducted to investigate the stability of solid lipid microparticles that were produced with babacu oil and encapsulating quercetin. The physico-chemical stability of the lipid particles (produced with a mixture of babacu oil and tristearin and stabilized with whey protein isolate) during storage (30 days) under refrigeration was monitored. The quercetin concentration, average particle diameter, average size distribution, zeta potential and lipid oxidation were obtained. In addition, the stability of the solid lipid microparticles was assessed after their exposition to different stress conditions: thermal treatments, different ionic strengths, concentrations of sucrose and pH, which can be easily found in food-processing operations.
Materials and methods

Materials
Babacu oil (Orbignya speciosa) (BD) was obtained from Casa do Saboeiro (Santa Bárbara D´Deste, SP, Brazil). Tristearin (TS) and quercetin (CAS 117-39-5) were obtained from Sigma (St Louis, MD, USA), and whey protein isolate (WPI) was obtained from Alibra (product CL3987, Campinas, SP, Brazil). Xanthan gum (GRINDSTED Xanthan 80, Danisco, Cotia, SP, Brazil) was used as the thickening agent. Dther reagents and organic solvents were of analytical grade. Deionized water from a Millipore system (Milli-Q, Billerica, MA, USA) was used throughout the experiments.
Production of lipid microparticles (LM)
A stock dispersion of WPI (5% m/v) was initially prepared, and its pH was adjusted to 7.0 using NaDH 2.0 M. Lipid microparticles were produced by melting the lipid phase (TS and BD, 1.5 and 3.5% w/w, respectively) at 70 °C and subsequently adding the quercetin (0.3 mg/mL of dispersion). The hot WPI dispersion (diluted to 1.25% m/v) solution at 70 °C was mixed with the melted lipid and submitted to an ultra-agitation of 12,000 rpm for 5 min using an ultra-turrax (IKA T25, IKA, Staufen, Germany). The DSC analyses show that the WPI was completely denatured at these conditions (data not shown). Then, the dispersions were magnetically stirred, xanthan gum was added (0.05% w/w), and the lipid microparticle dispersions were subsequently cooled to 20 °C in an ice bath. The formulations, which were produced in triplicate, were stored at 7-10 °C. Sodium benzoate (0.02% m/v) was added to the samples to avoid microbiological contamination. The samples were stored in glass vials, protected from light.
Determination of particle size distribution and zeta potential
The average hydrodynamic diameter and size distribution of the lipid microparticles were obtained using photon correlation spectroscopy with a ZetaPlus (Brookhaven Instruments Company, Holtsville, NY, USA) at 25 °C. The samples were diluted with ultra-purified water to weaken their opalescence before measuring the particle mean diameter. The zeta potential was analyzed after diluting the sample in ultra-pure water, and it was calculated from the electrophoretic mobility using the Helmholtz-Smoluchowski equation. The data analyses were performed using the software included with the equipment.
Quantification of quercetin encapsulated in lipid microparticles
The quantification protocol of encapsulated quercetin was adapted from Pool et al. (2013) . The lipid microparticles were added to DMSD (dimethylsulphoxide) (volume ratio 1:25), and the resulting solution was filtered in membranes of 0.45 μm thickness (Millex LCR, Millipore, Billerica, MA, USA) to eliminate any aggregates. The absorbance of the samples were read at 373 nm (Libra S22, Biochrom, Dxford, England). The quercetin concentrations were determined from the standard curve of the flavonoid, which was solubilized in DMSD with a correlation coefficient of 0.9996, in the range of 0-10 μg quercetin/mL.
Evaluation of lipid oxidation using TBARS
A solution of TCA (trichloroacetic acid)-TBA-HCl was prepared by mixing 75 g of TCA, 1.68 g of TBA, 8.8 mL of 12 M HCl, and 414 g of H2D. Dne hundred milliliters of TCA-TBA-HCl solution was mixed with 3 mL of 2%(w/w) butylated hydroxytoluene in ethanol, and 2 mL of this solution was mixed with 2 mL of the LM sample. After mixing, the mixture was heated in a boiling water bath for 15 min, cooled to room temperature and centrifuged at 1000 g for 10 min (5810R, Eppendorf). Then, the absorbance was measured at 532 nm using a spectrophotometer (Libra S22, Biochrom, Dxford, England). The TBARS concentrations were determined from the standard curve prepared using 1,1,3,3-tetraethoxypropan (TEP concentration of 0-0.500 mg/L, correlation coefficient of 0.9968) (Lee et al., 2011) .
Morphological analyses using optical microscopy
The lipid microparticles were observed using an optical microscopy (BEL PHDTDNIX, 1.3 MP optical camera), and the images were captured using the software BEL VIEW with a magnification of 100x. The samples were diluted 2x before visualization.
Physicochemical stability of lipid microparticles under different stress conditions
The physicochemical stability of the lipid microparticles was assessed by measuring the average particle size and visualizing the phase separation. The experimental protocols were based on Thanasukarn et al. (2006) and Silva et al. (2014) .
Effect of pH:
The pH of the lipid microparticles, which initially ranged from 5.0 to 5.7, was adjusted to either 3.0 or 8.0 by adding 0.01 mol/L HCl or 0.01 mol/L NaDH, respectively. A specific volume of each type of dispersion was subsequently poured into a test tube, capped and stored under refrigerated conditions.
Effect of thermal treatments:
The samples were subjected to temperatures in the range of 30-80 °C by placing the test tubes with the lipid microparticles in a water bath at these temperatures. The particle size distributions were determined after 2, 5 and 10 minutes of treatment.
Effect of the salt concentration: Different amounts of sodium chloride (NaCl) were added to the particle dispersions, which resulted in salt concentrations of 0.25-1.0 mol/L. The lipid microparticles were vigorously shaken and stored under refrigerated conditions. The mixing was performed at room temperature using two different methods: magnetically and mechanically (300 rpm, Cowles disk impeller).
Effect of the sugar concentration: Different amounts of sucrose were added to the microparticle dispersions, which resulted in sucrose concentrations of 0.5-7.0% w/v. The nanoemulsions were vigorously shaken and stored under refrigerated conditions before the phase separation, and the particle size distributions were determined. The mixing was performed at room temperature using two different methods: magnetically and mechanically (at 300 rpm, using a Cowles disk impeller).
Thermal behavior by differential scanning calorimetry (DSC)
The thermal analyses of lipid microparticles using DSC were performed using a ramp of 10 °C/min in the range of 0-100 °C with a TA5000 (TA Instruments, New Castle, DE, EUA). An empty aluminum pan was used as the reference.
Statistical analyses
All experiments were conducted in triplicates, and the data are presented as average ± standard deviation. Tukey tests were performed to compare the mean values. The significance level for all tests was 5%, which was calculated using SAS software version 9.2. Figure 1 shows the particle size distribution of the lipid microparticles that encapsulated quercetin, which were produced with a mixture of tristearin and babacu oil, during the storage period. Table 1 shows the zeta potential, quercetin concentration and lipid oxidation till the 30th day of storage.
Results and discussion
Physico-chemical characterization and stability along the storage period
The size distribution curves show that the system remained notably stable over 30 days of storage under refrigeration, and the distribution was monomodal with an average size of approximately 0.90 μm.
The zeta potential values were lower than -30 mV, which indicates the stability of the colloidal system. There also were not significant losses of the encapsulated quercetin after 30 days of storage. Regarding the TBARs products of lipid oxidation, the data there was a statistical difference among the values for fresh and 30-day stored samples, but indicate they were present in a notably low concentration, which also indicates the chemical stability of the fatty acids present in the oil core of lipid microparticles.
The number of studies about the encapsulation of quercetin in lipid microparticles (nano or micro) has been increasing in the last five years (Li et al., 2009; Dhawan et al., 2011; Weiss-Angeli et al., 2012; Pool et al., 2013; Aditya et al., 2014; Han et al., 2014) , but most studies have not evaluated the stability of encapsulated quercetin over the storage period. Scalia & Mezzena (2009) evaluated the stability of encapsulated quercetin in lipid microparticles that were composed of tristearin as the solid core and phosphatidylcholine as the surfactant, which were produced using ultra-agitation (mean diameters of 15-45 μm), and they found that 85% of the flavonoid remained in the particles after 90 days of storage in the dark. Figure 2 shows the thermogram of the lipid microparticles, which was obtained using differential scanning calorimetry (DSC). Two endothermic peaks appeared and reflect the heterogeneous lipid composition of the system. The low-temperature peak (at approximately 32 °C) can be associated with the structure formed by the medium chain triglycerides in the babacu oil, which was composed of 48% of lauric acid (in terms of fatty acids). The higher-temperature peak (at 50.75 °C) was related to the structures that were formed by the long-chain triglycerides (Silva et al., 2014) .
Stability of the lipid microparticles under different stress conditions
Regarding the stability under the temperature stresses that were applied to the dispersions, for the temperatures of 30-80 °C, the lipid microparticles appeared notably stable even at higher temperatures for longer periods, as can be seen in Figure 3 . The lipid microparticles were resistant to significant changes in size distribution up to 40 °C for all tested periods of time. From 50 °C to 70 °C, the particles exhibited less resistance to heat, which can be explained by a higher rate of partial coalescence. This phenomenon occurs when two or more partially crystalline particles join together to form a non-spherical structure, as in the case of the lipid microparticles produced here and shown in Figure 2 (Dickinson & McClements, 1996) . The fat crystals stick out through the oil-water interface, the protruding crystals of one particle penetrate into another particle, and the particles remain aggregated because the crystals are wetted better by oil than by water, and because the surface area of fat that is exposed to the aqueous phase decreases (Boode et al., 1993; Dickinson & McClements, 1996) .
Regarding the stability of the lipid microparticles under different ionic strengths shows two distinct behaviors can be distinguished: in the experiments where magnetic stirring was used, all samples destabilized immediately after the addition of salt, as shown in Figure 4 . However, in the experiments with salt added under mechanical stirring, no sample destabilized; the resultant size distribution curves are shown in Figure 5 . For these identical tests, the quercetin concentrations were determined, and the results are shown in Table 2 .
There were statistical significant differences among the values of quercetin concentration encapsulated in the samples subjected to 0.75 M NaCl, however, as a whole, the average percentage of remaining quercetin after 10 days of ionic strength stress was 94.5%, which can be considered a very high value. These results indicate the WPI-stabilized lipid microparticles encapsulating quercetin are quite resistant to relative high salt concentrations.
The effect of adding sucrose to the lipid microparticles also strongly depended on the type of stirring for the system. For the mechanically stirred systems, the samples destabilized after 7 days of incubation, and the particle size distributions Figure 2 . Calorimetric behavior of lipid microparticles that were produced with babacu oil and tristearin, which was obtained using differential scanning calorimetry (DSC).
are shown in Figure 6 . The samples with 5 and 7% of sucrose were destabilized (phase separation) in less than 24 hours of incubation. Regarding the influence of sucrose on the stability of WPI-stabilized lipid microparticles, Thanasukarn et al. (2006) states the presence of sucrose may increase the conformational stability of the adsorbed globular proteins, as the proteins present in the whey protein isolate. Such an effect may have occurred up to the concentration of 3% of sucrose. submitted to different sucrose concentrations under magnetic stirring. It was observed that an extensive flocculation process occurred. Therefore, it can be concluded that the destabilization of the samples can be decreased or even avoided if the suitable stirring condition is applied to the system. Regarding encapsulated quercetin, the presence of sucrose did not seem to affect in the samples which remained stable in terms of average size, up to
The magnetically stirred samples destabilized for all concentrations of added sucrose, as occurred with the samples that were submitted to various ionic strengths. Figure 7 shows the visual aspect of the lipid-microparticle dispersions that were Figure 4 . Visual aspect of the lipid-microparticle dispersions, which were produced using tristearin and babacu oil, encapsulated quercetin, and submitted to different ionic strengths under magnetic stirring, after 24 hours of storage under refrigeration. Figure 5 . Particle size distributions of the lipid microparticles, which were produced using babacu oil and tristearin and stabilized with WPI, after they were submitted to different ionic strengths (salt added under mechanical stirring). 
Conclusions
The babacu oil lipid microparticles that were produced with denatured WPI as the surfactant were stable over 30 days of storage, and they could protect quercetin against the degradation processes. They presented a highly heterogeneous lipid core, as expected and proven by DSC, which certainly the 10 th day of storage, as can be seen in Table 3 . The suitable stirring condition can avoid heterogeneous concentrations (local very high concentration spots) of solutes in the dispersions, which is especially important in protein-stabilized dispersions. Visual aspect of the lipid-microparticle dispersions, which were produced using tristearin and babacu oil, encapsulated quercetin, and submitted to different sucrose concentrations under magnetic stirring, after 24 hours of storage under refrigeration. . Particle size distributions of the lipid microparticles, which were produced using babacu oil and tristearin and stabilized with WPI, after they were submitted to different sucrose concentrations (added under mechanical stirring).
helped preserving the encapsulated flavonoid. Additionally, the babacu oil microparticles demonstrated a high potential to be incorporated in food formulations because they exhibited a high degree of stability under the typical ionic strength, sucrose concentrations and thermal stresses in food processing. Particularly, the type and condition of stirring (mechanical or magnetic) strongly affect the stability of the lipid microparticles in the presence of salt or sucrose. These results indicate that the babacu oil microparticles can be incorporated into food matrices if they are correctly engineered. The results of this study can be useful for designing effective delivery systems to encapsulate and stabilize quercetin for food product applications.
